Confocal Raman microscopy was used to illustrate changes of molecular composition in secondary plant cell wall tissues of poplar (Populus nigra 3 Populus deltoids) wood. Two-dimensional spectral maps were acquired and chemical images calculated by integrating the intensity of characteristic spectral bands. This enabled direct visualization of the spatial variation of the lignin content without any chemical treatment or staining of the cell wall. A small (0.5 mm) lignified border toward the lumen was observed in the gelatinous layer of poplar tension wood. The variable orientation of the cellulose was also characterized, leading to visualization of the S1 layer with dimensions smaller than 0.5 mm. Scanning Raman microscopy was thus shown to be a powerful, nondestructive tool for imaging changes in molecular cell wall organization with high spatial resolution.
The plant cell wall in wood tissue has a multicomposite structure, consisting of several layers formed at different periods during cell differentiation. After the cell wall reaches its final size, the mechanically crucial secondary cell wall, consisting of three different sublayers (S1, S2, and S3) is formed (Plomion et al., 2001 ). The cellulose microfibril orientation and chemical composition varies between the sublayers. The S2 layer is the thickest (75%-85% of the total thickness of the cell wall) and most important for mechanical stability (Fengel and Wegener, 1989) . Between adjacent cells, a middle lamella layer attached to the primary cell wall ensures the adhesion of a cell to its neighbors. The chemical composition of the cell wall and the alignment of the cellulose microfibrils show significant interspecies and intraspecies variability (e.g. Cô té and Day, 1965; Barnett and Bonham, 2004) .
As a response to a nonvertical orientation of the stem or branch, which may arise due to prevailing winds, snow, slope, or asymmetric crown shape, a specialized wood tissue called reaction wood is formed. It is usually associated with eccentric growth and changes in structure and chemistry (Côté and Day, 1965) . In hardwood species the reaction wood tends to form in zones held in tension, e.g. on the upper side of a leaning stem (Barnett and Jeronimidis, 2003) . These tension wood fibers are characterized by a thick cell wall and a special cell wall layer, usually referred to as the gelatinous layer (G-layer), which is not found in normal wood fibers (Cô té et al., 1969) . Although several theories about the generation of these growth stresses (e.g. Sugiyama et al., 1993; Yamamoto, 1998; Bamber, 2001 ) and knowledge about changes in anatomy, chemistry, and the microfibril angle (e.g. Cô té and Day, 1965; Timell, 1969; Jourez et al., 2001 ) exist, a complete understanding is still lacking.
Most traditional chemical analyses of plant cell walls are destructive, since they require disintegration of the plant tissue. In addition, sample isolation difficulties arise when small cell wall areas or single layers are of interest since they have to be carefully excised. Therefore, the ability to generate images of the chemical composition from plant cell wall in situ and nondestructively (i.e. in its original anatomical context in the tissue sample) would be a significant advance. Infrared and Raman spectroscopy recently found application as chemical mapping and imaging techniques for biological and biomimetic samples (Salzer et al., 2000; Chenery and Bowring, 2003) . Both methods are based on discrete vibrational transitions that take place in the ground electronic state of molecules. While Raman scattering involves excitation of a molecule by inelastic scattering with a photon (from a laser light source), infrared absorption spectroscopy typically involves photon absorption, with the molecule excited to a higher vibrational energy level (Schrader, 1995) . Raman scattering depends on changes in the polarizability of functional groups due to molecular vibration, while infrared absorption depends on changes in the intrinsic dipole moments (Smith and Dent, 2005) . Therefore, Raman and infrared spectroscopy can provide complementary information about the molecular vibrations. Both methods have developed as important tools in plant cell wall research (e.g. Atalla and Agarwal, 1985; McCann et al., 1992; Séné et al., 1994; Stewart, 1996; Himmelsbach et al., 1999; Kacuráková et al., 2000; McCann et al., 2001; Morris et al., 2003; Toole et al., 2004) , as they allow the acquisition of information concerning the molecular structure and composition of individual features of plant tissue in a close-to-native state. In combination with microscopy, Raman spectroscopy has the advantage that spectra can be acquired on aqueous, thicker (not opaque) samples with a higher spatial resolution, but sample fluorescence may limit the quality of the spectra.
In this study we demonstrate the feasibility of confocal Raman microscopy for chemical imaging of poplar (Populus nigra 3 Populus deltoids) wood cross sections. From both normal and tension wood zones, spectra were acquired at each point on a two-dimensional defined measurement grid (scanning Raman microscopy), followed by integration over selected bands at each point. Thus, generated two-dimensional chemical composition maps enabled us to visualize the contrast between different cell wall layers due to differences in polymer composition and/or orientation. A further analysis of the full range spectra from selected areas of the chemical images revealed explanations and details about the visualized differences in molecular structure and composition between and within cell wall layers.
RESULTS AND DISCUSSION

Normal Wood
Latewood cells adjacent to ray parenchyma cells were chosen as an example for normal poplar wood. Two-dimensional chemical images were calculated by integrating over wavenumber ranges containing strong Raman bands (Fig. 1, A-D) . The lignin distribution is shown by integrating over the 1,600 cm 21 band (1,550-1,640 cm 21 ), dominated by the aromatic C5C vibration (Fig. 1A) . The cell corner (CC) and the compound middle lamella (CML; middle lamella 1 adjacent primary walls) are observed to have a higher intensity and thus higher lignin concentration than the S2 layer. The C-H stretching (str.) region from 2,780 cm 21 to 3,060 cm 21 includes contributions from lignin and carbohydrates (Table I) . Integrating over this range displays higher intensities within the S2 layer of the fibers (Fig. 1B) , whereas the S2 layer of ray parenchyma cells, CC, and the inner part of the fibers show less intensity. Some spherical globules appear in the lumen of the ray parenchyma cells (Fig. 1B) . By integrating from 1,026 cm 21 to 1,195 cm
21
, a similar picture is obtained (Fig. 1C) , whereas the CCs show less intensity, concluding that contributions from lignin are minor in this wavenumber area and distribution of carbohydrates can be followed. Finally a narrow wavenumber area (1,090-1,105 cm 21 ), including only the cellulose orientation-sensitive band at 1,096 cm 21 (Agarwal and Atalla, 1986 ) was chosen to image different orientations of the cellulose molecules (Fig. 1D) . In this mode the S2 of the parenchyma ray cell (S2ray) and small layers on both sides of the CML (e.g. Fig. 1D within the rectangle) had a higher intensity. They appear as two small layers adjacent to the CML and seem to represent the S1 (Fig. 1D) . Since Figure 1C also shows a high intensity in the same regions adjacent to the CML, we conclude that the broad range integration from 1,026 cm 21 to 1,195 cm 21 comprises carbohydrate concentration together with orientation changes. Average spectra were calculated for the different cell wall layers (CC, CML, S2, S2ray, and S1) and ray components (ray) by marking the distinct areas on the chemical images ( Fig. 1, A-D) . The spectrum of the ray components (ray) differs clearly from the cell wall spectra (Fig. 2, A and B). Strong bands are observed around 2,900 cm 21 , which can be assigned to the str. of C-H and C-H 2 groups, which give also rise to bands at 1,442 cm 21 (C-H 2 scissor deformation) and 1,303 cm
(C-H 2 twisting deformation). A band at 1,656 cm 21 points to an unsaturated molecule (C5C) and that at 1,740 cm 21 to carbonyl groups. These bands coincide with the ones described for unsaturated fatty acid esters (Rö sch et al., 2004) . The parenchymatous cells of wood serve as essential vegetative storage tissues in which starch, sugars, proteins, and fat accumulate seasonally. Starch accumulates from May until October, fat mainly during the summer month, and protein when the leaves are yellowing in September and October (Sauter and van Cleve, 1994) . Since the poplar trees were harvested in August (summer) the presence of fatty acid esters is reasonable.
In the CML and especially the CC spectrum, a higher fluorescence background (causing a shift in the Raman intensity axis) is observed due to the higher lignin content (Fig. 2, A and B). The higher lignin content can also be seen in the strong peak at about 1,600 cm 21 . In the C-H str. region (2,975-2,840 cm 21 ) of the CC spectrum, the peak at 2,945 cm 21 from the C-H str. of the methoxyl groups of the lignin is more pronounced, whereas in the S2 the peak at 2,897 cm 21 , attributed to C-H and C-H 2 str. of the cellulose, dominates ( Fig. 2B ; Table I ). The bands at 1,122 cm 21 and 1,096 cm 21 are assigned to symmetric (sym.) and asymmetric (asym.) str. of C-O-C linkages of cellulose (Edwards et al., 1997) and are more pronounced in the CML and S2 spectra than in the CC spectrum. The lignin-rich CC shows a maximum at 1,143 cm 21 , which might be assigned to lignin ( Fig. 2B ; Table I ).
The S1 spectrum was calculated by marking the visualized radial layers in Figure 1D . Higher intensities of the lignin bands are observed in the S1 spectrum compared to the S2 spectra (Fig. 2, C and D) . However, due to the small dimensions of S1 and CML (Fig. 1D) , we cannot interpret the higher peak as a higher lignin content in the S1 alone; probable there are contributions from the adjacent highly lignified CML. Since the three layers, S1-CML-S1, have together a width of about 0.8 mm, the displayed spectra may contain chemical information from the adjoining layer. Nevertheless, changed band height ratios of the cellulose bands in the S1 layer (Fig. 2 , C and D) allowed to visualize this small layer by chemical imaging (Fig. 1D ).
An even clearer change in the band height ratio of the cellulose bands is seen in the average spectrum of the S2 of the ray parenchyma cells (S2ray; Fig. 2 , C and D). In the S2 of the ray cells, the band at 2,896 cm 21 is strongly reduced, the band at 1,096 cm 21 is increased, and bands at 994 cm 21 and 1,423 cm 21 appeared. These observed changes in band height ratios are in context with the orientation of the cellulose molecule: bands deriving from perpendicular oriented C-H bonds decrease (sym. str. 2,897 cm 21 ), while the parallel oriented C-O-C (1,096 cm 21 ) increase. These two band heights are highly sensitive to the orientation in cellulose, as well as the bands at 1,423 cm 21 and 994 cm 21 (Wiley and Atalla, 1987) . The observed differences in the S2 of ray parenchyma cells and fiber cells can be explained by the process of cell wall growth and division. The radial parenchyma cells derive from the isodiametrical ray (Wiley and Atalla, 1987; Agarwal and Ralph, 1997; Edwards et al., 1997; Agarwal, 1999; Saariaho et al., 2003) cambial cells by anticlinal division, whereas secondary xylem cells are added by periclinal division of an axially elongated fusiform cambial cell (Mellerowicz et al., 2001) . Therefore, the ray parenchyma cell in our sample is in a plane parallel to the electric vector direction of the electromagnetic field from the laser beam, while the fiber tracheid is perpendicular. Accordingly, in the ray parenchyma cells the intensity of perpendicular oriented C-H bonds decreased (sym. str. 2,897 cm
), while the parallel oriented C-O-C bonds (1,096 cm 21 ) increased. In the S1 the fibrils run with a gentle helical slope (Fengel and Wegener, 1989) and are therefore more parallel to the electric vector of the laser beam in x-directions. We draw attention to the fact that such a change in the orientation-sensitive 1,096 cm 21 band enables us to distinguish two separate layers of only 0.3 mm thickness in a two-dimensional chemical composition image (Fig. 1D) . As a technical aside, this is only visible on the radial walls in x-direction (horizontal) of the image in Figure 1D , because the laser beam is polarized in the x-direction. Turning the sample around by 90°emphasizes the S1 on the tangential walls (data not shown).
Tension Wood
Before the above investigated latewood was formed, a zone of tension wood was laid down in spring as a reaction to the tilting of the young plants. So-called G-fibers with a small S2 layer and an additional G-layer were developed. Integration over the aromatic C5C peak shows the highly lignified CCs and CML and a less-lignified small S2 layer (Fig. 3A) . The G-layer, adjacent to the S2, is almost invisible, so we conclude that it is not lignified. Changing the intensity scale reveals that a small inner layer (G in ) contains more aromatic compounds (Fig. 3B) . In some cases aromatic structures extend into the G-layer toward the S2, preferentially in the CCs. Also in the small cells, corresponding to ends of the long wood fibers, an accumulation of aromatic substances at the CC is visible Figure 2 . A to D, Average Raman spectra of the S2, CC, CML, and the ray content (ray) of poplar latewood (A), baseline corrected (bc), and zoom into the dominating bands. B, Comparison of the average bc spectra of the S2 of the fiber cells (S2), the S2 of the ray parenchyma cell (S2ray) and the S1 (C), and a zoom into the region from 950 to 1,700 cm 21 (D). (Fig. 3B) . Plotting the intensity of the lignin band across the cell wall layers (line marked in Fig. 3A) shows that the lignin content diminishes almost to zero within the G-layer, but increases remarkably toward the lumen (Fig. 4A) . The spectra taken from different positions (average spectra of the marked positions in Fig. 4A ) across the cell wall clearly confirm the assumption that there are almost no aromatic substances in the G-layer, except in the inner lumenside part. The aryl str. peak at 1,600 cm 21 is very small Figure 3 . A to F, Raman images (30 3 30 mm) of poplar tension wood integrating over defined wavenumber areas. A, Intensity of the aromatic lignin band (1,550-1,640 cm 21 ; marked line is analyzed in detail in Fig. 4) in the middle (G) and outer part (G out ) and about half of the height in the inner part (G in ) compared to the S2 layer (Fig. 4B ). This peak goes hand in hand with related bands at 1,462, 1,333, 1,274, and at 2,944 cm 21 (Fig. 4B ). Positions and relative heights of the lignin related bands are very similar for the spectra of the S2 and inner G-layer, concluding that it is lignin and no other aromatic structures observed in this inner G-layer. The occurrence of lignin in the G-layer during tension wood formation has long been debated (Pilate et al., 2004a) . Some studies concluded that the G-layer mostly consists of cellulose and is totally free of lignin (Blanchette et al., 1994; Wada et al., 1995; Donaldson, 2001) , whereas others found evidence for lignin (Yoshida et al., 2002; Joseleau et al., 2004) . In this study, within the main part of the G-layer, lignin bands were weak, thus pointing to very minor amounts of lignin (Fig. 4, A and B) . In the fiber ends (small cells), higher amounts were found as well as a thin (about 0.5 mm thick) more-lignified border toward the lumen (Figs. 3B and 4, A and B) . Such an additional thin lignified layer could impede the degradation of the cellulosic G-layer and thus may act as a defense line against microorganisms.
The intensity in the OH region, showing the water distribution, is very high in the G-layer compared to the other more lignified cell wall layers (Fig. 3C) . However, again toward the lumen, an inner small layer of more hydrophobic nature is seen (Fig. 3C) . By integrating over the cellulose bands (1,026 to 1,195 cm 21 ), the S2 layer is emphasized and the G-layer shows less intensity (Fig. 3D) . Especially toward the S2 layer in some regions, less intensity is observed and the G-layer seems detached. A detailed look on the cellulose intensity across the line (marked in Fig. 3A) shows a gradual decrease within the G-layer on both sides toward the S2, an increase in the S2, and then again a decrease in the CML (Fig. 4A) . These low cellulose intensity regions (Fig. 3D) are found in regions with higher intensity in the OH region (Fig. 3C ) and may be ), and relative lignification (ratio of lignin to cellulose intensity) across the cell wall (line marked in Fig. 3A ) of poplar G-fibers (A) and the corresponding bc spectra from the marked positions within the G (G, G in , and G out ) and S2 layers (B).
caused by uncontrolled swelling of the G-layer during cutting and, thus, changes in the focal plane. The G-layer in the investigated region is not a uniform layer tightly attached to the S2. Clair et al. (2005) suggested that the G-layer in tension wood is detached by cutting the transverse face of the wood block and can be blocked by embedding. But dehydrating and embedding the samples changes the natural state of the G-layer and thus, in this first approach, cutting and investigating without embedding was chosen.
The bands of the glycosidic linkage str. of the cellulose at 1,120 cm 21 (sym.) and 1,096 cm 21 (asym.) show less intensity within the G-layer compared to the S2 layer. The band at 2,897 cm 21 is sharp and high in the G-layer and no longer accompanied by the ligninassigned band at 2,945 cm 21 (Fig. 4B) . Integrating over the 2,897 cm 21 band enables accentuation of the G-layer compared to the S2 layer (Fig. 3E) . The detachment in some regions is again seen by lower intensity. Analogous to the latewood case discussed in the previous section, imaging the intensity distribution of the 1,096 cm 21 band emphasizes (Fig. 1D ) only cell wall layers in the direction of the electronic vector in x-direction of the image (Figs. 1D and 3F) . We see that the S2 layer is emphasized in x-direction of the image, but no S1 layer can be distinguished. This can result either from cellulose orientation in the S2 similar to the S1 (high microfibril angle) and/or a small S2 and wide S1 layer, which contributes much to the signal. In this context, we note that tension wood fibers have been observed to show high structural variability in the cell wall organization with different layer combinations: S1-S2-G, S1-S2-S3-G, and S1-G (Dadswell and Wardrop, 1955) .
In the S2 layer the 1,096 cm 21 band is as high as the 1,122 cm 21 band, while in the G-layer a smaller 1,096 cm 21 band is observed (Fig. 4B) . Assisted by the changes in the intensity of the 2,897 cm 21 band, we can infer different cellulose orientations for the G-layer and adjacent S2 layer. In the G-layer, cellulose molecules lie parallel to the fibers (perpendicular to the sample plane), whereas in the S2 the cellulose is less perpendicular to the plane. Independent observations have shown that the cellulose in the G-layer of tension wood is highly crystalline and parallel oriented (Dadswell and Wardrop, 1955; Pilate et al., 2004b) . Additional characteristics of the G-layer spectra are the disappearance of the shoulder around 1,143 cm 21 and the band at 1,045 cm 21 (Fig. 4B) . These two bands, also found in the G-layer adjacent to the lumen where lignin was detected (G in ), cannot be clearly assigned at the moment, but seem to be associated with lignin (Table I) .
Advantages and Limitations
Raman imaging allowed separating small cell wall layers, such as the S1 in latewood (Fig. 1D ) and a 0.5 mm thick lignified layer in tension wood (Fig. 3B ). Marking and averaging spectra enabled us to get more detailed information from these small distinct regions.
Without Raman imaging it would be difficult to localize the laser spot exactly on such a small layer of interest. Furthermore, Raman imaging allows very short integration times (1 s) to avoid sample degradation. However, contributions from the adjacent layer might be noticed when deriving average spectra of small layers (e.g. CML, S1). Indeed, though the theoretical diffraction-limited laser spot size is 0.32 mm, the actual size will be larger due to effects of residual aberrations and objective manufacturing tolerances.
Because of the multicomponent nature of wood, its vibrational spectrum is rather complex with broad overlapping bands. Cellulose and hemicelluloses have similar chemical bonds and are therefore difficult to discern (Agarwal and Ralph, 1997) . Generally, the skeletal motions of most of the hemicelluloses will result in fairly broad bands, unless they are so organized that they have a high degree of repetitive order. Therefore, it was not possible to draw conclusions regarding the hemicelluloses. In contrast, the cellulose bands are rather sharp and influenced by orientation and crystallinity and changes in cellulose orientation have to be taken into account when following spatial variation of cellulose band intensities. Orientation effects could be better quantified if the same location could be analyzed with the electric vector direction of the laser beam rotated.
Lignin distribution has been studied in the xylem of gymnosperms and angiosperms using a variety of techniques, such as UV microscopy (e.g. Koch and Kleist, 2001) , energy dispersive x-ray analysis (e.g. Westermark et al., 1988) , and interference and fluorescence microscopy (e.g. Donaldson et al., 2001) . By Raman microscopy, lignin was shown to be oriented in the plant cell wall (Atalla and Agarwal, 1985) . The strong aromatic contribution around 1,600 cm 21 enabled the imaging of the lignin distribution by integrating over this wavenumber area (Figs. 1A and 3, A and B) . In our imaging studies no orientation effects were observed for lignin and we believe that this is because any (small) orientational changes of the lignin are lost in the much larger changes in lignin intensity observed between different layers.
In summary, the major assets of Raman microscopy are that samples can be investigated in situ without any embedding, staining, or chemical pretreatment and that information regarding the lignin and cellulose content and their orientation in wood may be gained at the same time. However, for a more detailed understanding of both, a wider array of samples as well as combination of results from Raman with other established techniques (e.g. UV microscopy) are necessary.
CONCLUSION
In short, our results clearly illustrate the application of scanning Raman microscopy to nondestructive in situ chemical imaging of plant cell walls. Differences in cell wall polymer composition between and within the cell wall layers have been imaged with high spatial resolution. In addition, the technique also enables detection of changes in orientation of the cellulose molecules. Nevertheless, to extract all the information lying in the spectra behind the chemical mapping, more detailed knowledge on bands and the influence of composition and orientation changes has to be gained. Investigation of a wider range of cell wall variants, including chemically modified systems, will help us to gain better knowledge of plant cell wall structure and organization.
MATERIALS AND METHODS
Samples were taken in autumn from a 2-year-old hybrid poplar (Populus nigra 3 Populus deltoids i14551, artificial tilt). Without any further sample preparation, 20-mm-thick sections were cut on a rotary microtome (LEICA RM2255), immediately placed on a glass slide with a drop of water, and sealed with a coverslip to avoid evaporation of water during the measurement. The shown examples derive from one cross section, sampled once in the latewood near the cambium and again in a tension wood zone built in the spring before.
Spectra were acquired with a confocal Raman microscope (CRM200, WITEC) equipped with a piezo scanner (P-500, Physik Instrumente) and a high numerical aperture (NA) microscope objective from Nikon (100 oil NA 5 1.25). A linear polarized laser (diode pumped green laser, l 5 532 nm, CrystaLaser) was focused with a diffraction-limited spot size (0.61 l/NA) and the Raman light was detected by an air-cooled, back-illuminated spectroscopic CCD (ANDOR) behind a grating (600 g mm
21
) spectrograph (ACTON) with a resolution of 6 cm
. The laser power on the sample was approximately 5 mW. For mapping an integration time of 1 s and 0.17 mm, steps were chosen and every pixel corresponds to one scan.
The ScanCtrlSpectroscopyPlus software (WITEC) was used for measurement setup and image processing. Chemical images were achieved by using a sum filter, integrating over defined wavenumber areas in the wood spectrum. The filter calculates the intensities within the chosen borders and the background is subtracted by taking the baseline from the first to the second border. The overview chemical images (Figs. 1 and 3 ) enabled us to separate cell wall layers and to mark defined distinct cell wall areas to calculate average spectra from these areas of interest (Fig. 2) . As the cell wall sublayers have different area fractions, the number of spectra used for calculation of average spectra for each sublayer varied. For a detailed analysis of the intensity and the shape of the spectra along the cell wall layers in tension wood, a line was drawn across the tension wood cell wall (Fig. 3A) . Band intensity and spectra were analyzed along this line (Fig. 4, A and B) . To achieve good quality spectra, three or four spectra were averaged from the left and right side of the line.
The calculated average spectra were baseline corrected and analyzed with the OPUS software package (version 4.2). Bands assigned according to the literature (Wiley and Atalla, 1987; Agarwal and Ralph, 1997; Agarwal, 1999) are summarized in Table I. 
